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Fig. 2. Proposed deep-trap model: (a) analyzed device structure, (b) doping proﬁle, (c) delta-function-type deep-trap model, and (d) step-function-type
deep-trap model.
determined by the shortest time in the distribution. Thus, the
existence of the short retention time in the tail distribution is
a serious problem for developing high-density LSI’s.
In the tail bit, an anomalous behavior has been reported
[12]; that is, – characteristics showed a steep increase and
saturation as illustrated in Fig. 1(b). The steep increase in
– curves is hereafter called the jump in current or the
current-jump. In this jump, the current increases stepwise
and, consequently, the data retention time is shortened. The
saturation level after the jump exceeds that of nonanomalous
levels by a factor of 10 to 10 .
Jumping phenomena have already been observed in semi-
insulating GaAs substrates [13], [14]. A theoretical study [14]
has reported a current component assisted by deep traps in
an n-i-n structure, where electrons are injected from an n to
an i-layer. In pn junctions under the reverse bias condition,
however, electrons cannot be injected anywhere. A new model
explaining the step mechanism in – curves is discussed in
the last part of this section.
The carrier transport including trap-assisted components can
be phenomenologically modeled using the current continuity
equation
(1)
and
(2)
Here, is the generation/recombination rate given by
(3)
is the g/r rate given by the SRH model. And and
are the g/r rates from deep donor- and acceptor-type
traps, and they can be modeled as follows:
(4)
and
(5)
Here, and are the deep donor and acceptor densities,
and and are the electron and hole capture rates.
Parameters and in (4) and (5) are given by
(6)
and
(7)
Here, is the energy level of the deep trap center. The
functional formulas of and are commonly used for deep
donors and acceptors. However, the energy level and the
capture rates are individually deﬁned for deep donors and
acceptors.
Poisson’s equation which determines the potential distribu-
tion can be written as
(8)
The space charges that originate in ionized donors and ac-
ceptors, i.e., and , consist of the shallow and deep
ones. The space charge densities generated from deep traps
are calculated as
(9)
and
(10)
The above deep-trap modeling had been traditionally used in
analyses of compound semiconductor devices [8], [14], [15].
For fabricating an n -p doping proﬁle, n-type impurity
atoms, for example, phosphorus- or arsenic-ions, are usually
implanted into a p-type substrate. Generally, high dose im-
plantation could induce defects (vacancies or Si-interstitial) or
heavy metal contamination, such as Fe, Ni, Zn, etc. They are an
origin of the deep-trap generation and could be distributed near
the metallurgical junction. Considering the junction structure
[Fig. 2(a)] with the n -p doping proﬁle shown in Fig. 2(b),
locally generated deep-trap models, which are mathematically
modeled by spatially changing capture-rates shown in Fig. 2(c)
and (d), are introduced to study the anomalous behavior in
characteristics of small-size pn diodes: One is a spa-
tially localized distribution; namely, a delta-function model as
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Fig. 5. Calculated current–voltage characteristics for various distances ￿
between the trap-generated position and the metallurgical junction given in
Fig. 2. Material constants used in this analysis are identical with those used
in Fig. 3.
Fig. 6. Calculated current–voltage characteristics for various doping levels
as a parameter. Material constants used in this analysis are identical with
those used in Fig. 3.
level in the doping concentration is varied and the doping level
of 1 10 cm is selected as a reference point. When the
doping level is ﬂuctuating 50% around the reference point,
the ﬂuctuation in is in a range of a few volts. Thus, the
sensitively changes with a change in the doping level.
IV. INTERFACE TRAP ANALYSIS
In this section, the device operation assisted by interface
traps is analyzed using 2-D simulation. Assuming deep traps
at the Si/SiO interface as illustrated in Fig. 4(a), anomalies of
the junction current, especially on the structural dependence
of the anomalous current, are analyzed. The Si/SiO interface
except for the trap-generated portion is assumed to be clean.
As shown in Fig. 7, a steep increase and saturation in currents
are demonstrated in 2-D simulation. The low-level current
before the current-jump linearly depends on the junction area,
namely, the current is caused by the bulk g/r center. Contrary,
the high-level current in the saturation region induced by
interface traps is independent of the junction area. In the 2-
D analysis, the potential and carrier distributions are assumed
to be uniform in the third axis perpendicular to the analyzed
plane. Consequently, the magnitude of currents induced by
Fig. 7. Device-structural dependence analysis of anomalous current with the
help of 2-D simulation. The cross section analyzed here is analogous to the
structure shown in Fig. 4(a). The width of the pn junction in this cross section
is assumed to be 0.2, 0.4, and 0.8 ￿m for devices #1–3, respectively. The
parameter, S, inserted in the ﬁgure denotes the relative area of pn junctions
when S for device #1 is assumed to be unity (a.u.) as a reference.
the interface trap is linearly dependent on the perimeter. The
validity of the model is discussed by comparing simulation
results to experimental data in a later section.
In the previous analysis, the spatial distribution of deep
traps is assumed to be a delta-function both in 1-D and 2-D
simulation, and the current-jump and saturation mechanisms
were analyzed. When the step-function model shown in Fig.
2(d) is assumed, the current-jump and saturation can also
be obtained from simulation. The current-jump is caused by
electrically activated deep traps and the saturation current level
is determined linearly depending on the interface trap density.
The anomaly mechanism in small-size pn junctions can be
successfully analyzed using the proposed deep-trap model.
V. HIGH FIELD EFFECT
As can be seen in Fig. 1(b), the measured differential-
conductance in the high-current-saturation region is over a
few volts per decade on a semilogarithmic scale, although
the calculated conductance is low as shown in Figs. 5–7.
The measured high-conductance is guessed to be caused by
tunneling-enhanced emission of electrons from traps [7] under
the high-ﬁeld condition.
Trap-assisted tunneling can be modeled using the ﬁeld
dependent capture rate [7], [11] and functional formulas are
given by
(11)
and
(12)
Here, is the electric ﬁeld, is the zero-ﬁeld capture
rate, and is a ﬁeld-independent parameter calculated from
material constants.
Calculated results are shown in Fig. 8. It is found that
the differential conductance is enhanced by including the
tunneling. The high conductance after the current-jump is
concluded to result from trap-assisted tunneling under high-
ﬁeld conditions.